Amplification of earthquake ground motions by nearsurface soil deposits was believed to have occurred in Maysville, Kentucky, U.S.A. during the northeast Kentucky (Sharpsburg) earthquake (m b,Lg 5.3) of July 27, 1980. The city of Maysville, founded on approximately 30 m of Late Quaternary Ohio River flood plain alluvium, was 52 km from the epicenter, but experienced equivalent or higher Modified Mercalli Intensity (MMI) VII, compared with the epicentral area of the earthquake (i.e., MMI VI-VII). In this study, dynamic soil properties were obtained at 10 sites in Maysville using seismic P-wave and S-wave (SHmode) refraction and reflection methods. Synthetically generated composite time histories and limited geotechnical information, along with the measured dynamic properties, were used to perform one-dimensional linear-equivalent amplification analyses. The results indicated the soils generated ground-motion amplification factors between 3.0 and 6.0 and at a frequency range between 2.0 and 5.0 Hz (0.2 to 0.5 s). The building damage in Maysville from the Sharpsburg earthquake was predominantly found in one-to threestory masonry structures. The estimated fundamental period for one-to three-story masonry buildings is approximately 0.11 to 0.26 s (3.8 to 9 Hz). These correlations suggest the elevated ground motion intensity in Maysville can be accounted for by near-surface soil-amplification effects and resonance of the ground motion by the buildings (i.e., double resonance).
INTRODUCTION
A substantial part of Kentucky's infrastructure and population centers is located along its numerous waterways. In areas exposed to seismic hazards these sediment-filled alluvial valleys, as well as their subsurface bedrock geometry, can have a sizable effect on the local earthquake ground motions. S-waves propagating upward through thick layers of unlithified sediments are apt to be amplified and induce resonance at selected frequencies. Consequently, the site-response amplification is a major component in an overall seismic hazard assessment.
Site effects are thought to be primarily responsible for the disproportionate amount of damage the city of Maysville, Kentucky, received as a result of the m b,Lg (Nuttli Lg magnitude commonly used in the eastern United States) 5.3, July 27, 1980, northeast Kentucky (Sharpsburg) earthquake (Figure 1 ). Maysville, located approximately 52 km north of the Sharpsburg epicenter, had a Modified Mercalli Intensity (MMI) VII that was equal to the largest Sharpsburg epicentral intensity estimate ( Figure 2 and Table 1 ) (Street and Foley, 1982) . Street and Foley (1982) reported the remainder of the 3,600-km 2 meizoseismal area generally experienced MMI VI effects. Their MMI VII assignment in Maysville was based on two slope failures, widespread chimney damage, cracked masonry walls, and fallen parapets and ornaments within a 12-block downtown area. Although most of the damage was described as architectural cosmetics, several instances of damage compromising structural integrity were also documented. Street and Foley (1982) estimated the total loss from this event to be nearly $4 million. Hanson et al. (1980) , Mauk et al. (1982) , and Kayabali and West (1995) suggested that soil amplification was the likely reason for the greater intensity in Maysville. Harris (1982) used a single geotechnical borehole to estimate that the amplification factor in Maysville ranged from 3.7 to 6.3, but pointed out that the single up-hole seismic velocity survey used in his study was not adequate for a comprehensive characterization of the city. Because of the insufficient area coverage from the single-point survey, our study undertook the more extensive sub-surface investigation that is required to characterize the relative ground motion response for the Maysville area. We only focused on the near-surface soil conditions rather than the effects of factors such as surface topography and/or sub-surface basin geometry. The overall objective was to answer the question: Can the local soil-induced amplification effects during the earthquake account for the enhanced ground motion in Maysville, which is underlain by as much as 30 m of Ohio River alluvium and glacial outwash? Specifically, we measured the local dynamic soil properties and estimated the degree of amplification from a transfer function that used a synthetic time history comparable to the 1980 earthquake. The calculated results were then compared to the observed intensities caused by the 1980 event.
TOPOGRAPHIC AND GEOLOGICAL SETTING
Maysville lies in the Ohio River alluvial valley of northeastern Kentucky. The relatively narrow valley Figure 2 . Map showing the intensity isoseismals from the 27 July 1980 earthquake (Note: Maysville is approximately 51.5 km from the epicenter, but had similar intensity observations) (modified from Mauk et al., 1982) . is surrounded by higher topography with more than 122 m of relief (Figure 3 ). The bedrock in the area consists primarily of Ordovician limestone and dolomite with interbedded shale. Bedding is generally horizontal with no evidence of faulting or structural disturbance in the upland surface exposures (Hanson et al., 1980) . Overlying the bedrock is approximately 30 m of Pleistocene and Holocene glacial outwash and alluvium (Hanson et al., 1980) . The alluvium consists of clay, silt, and sand. These deposits grade from sand to sandy silt and clayey silt. The alluvium is divided into two units: recent (Qfm) and older alluvium (Qfo). The recent alluvium is composed of sand and humic mud (i.e., flood couplets) with little or no soil development. The older alluvium shows some soil development, with marked color and texture (Hanson et al., 1980) . The glacial outwash (Qwo) includes silt, sand, clay, and gravel. The sand is characterized by fine to coarse, sub-angular, quartzose grains with significant amounts of carbonate, chert, feldspar, rock fragments, heavy minerals, and coal. The gravel, predominantly pebble-size, is located in the upper and lower 5 m of the unit (Hanson et al., 1980) . Both the alluvial and glacial outwash deposits are unlithified and poorly cemented.
SEISMICITY
The epicenter of the 1980 event, Sharpsburg, Kentucky, is approximately 125 km southeast of Cincinnati, Ohio, and 70 km northeast of Lexington, Kentucky. Paleozoic sedimentary rock units overlie the Precambrian basement. Structurally, Sharpsburg is located on the eastern flank of the Cincinnati Arch, a broad north-south-trending anticline (Figure 4 ). Splay faults of the Kentucky River Fault System are present in south-central Bath County and in Bourbon County to the west ( Figure 4) ; however, no faults in the Paleozoic strata or basement structural discontinuities have been identified in the immediate vicinity of Sharpsburg. Nonetheless, a minor amount of earthquake activity does occur in this area of northeastern Kentucky and south-central Ohio. There are no clearly defined epicentral patterns associated with the seismicity, and with the exception Table 1 . Relationship between Modified Mercalli Intensity and average peak ground acceleration (modified from Bolt, 1993 surface rupture length and width were 4 km and 5 km, respectively. They defined the displacement as right-lateral strike-slip. A surface-wave focal mechanism had one nodal plane striking N30uE, dipping 50uSE, and a second nearly vertical nodal plane striking N60uW (Herrmann et al., 1982) . Maysville is located on a bearing of N22uE from the epicenter; thus a right-lateral strike-slip fault striking N30uE would suggest Maysville could potentially experience elevated ground motions due to directivity effects. Herrmann et al. (1982) and Reagor et al. (1981) also pointed out that the location and magnitude of the Sharpsburg earthquake were unexpected for an area with such low seismic activity; no equivalent-magnitude earthquake has been reported within 200 km.
METHODOLOGY Soil Model Construction
The two primary parameters for dynamic soil response analysis are soil shear-wave velocity and depth to bedrock. P-S suspension, crosshole, and downhole seismic methods are the most reliable ways for determining the thickness and in situ seismic velocities for the sediment overburden; however, their invasive nature makes them cost prohibitive for a survey study such as this. Consequently, non-invasive geophysical methods (i.e., refraction and reflection, spectral analysis of surface wave, multi-channel analysis of surface wave, and refraction microtremor) were used. Each of these approaches has particular strengths and weaknesses. The most appealing strategy would be to apply multiple techniques at each site if possible. We prefer the refraction and reflection method because it provides the clearest representation of impedance structure. This is insured by reversing the survey direction (i.e., ''shooting'' off both ends of the geophone array) and using inversion relationships derived from travel-time reciprocity. Accordingly, the dynamic soil model was constructed using the compression wave (P) and shear wave (SH mode) refraction and reflection methods. Traditionally, the seismic refraction method has been preferred over the reflection technique for overall shallow-site characterization (i.e., velocity and depth); however, Harris (1994) found the reflection generally gives better depth estimates. In addition, reflections can assist in constraining the greatest limitation of the refraction method, non-critically refracted waves generated by low-velocity inversions. Specifically, SH-wave refraction was primarily used to construct the velocity model, and reflection data were combined with refraction data to estimate depth to bedrock. Pwave data were used to constrain the SH-wave sediment thickness and groundwater depth measurements. Other secondary geotechnical parameters (i.e., unit weight and depth to water table) were synthesized from two existing, accurately located geotechnical boreholes, the Harris (1982) borehole and a shallow auger hole (6.1 m) at the city park. The former is the only known geotechnical borehole that has continuously sampled the soil to bedrock and subsequently derived index parameters from laboratory tests. The latter only provided a visual soil classification and groundwater measurement. Maysville is typical of the old port towns along the Ohio River where nearly all of the larger structures were constructed in the late 19th century and have not undergone significant renovation since; therefore, a widespread geotechnical database does not exist. The general soil characterization comes from geologic and soil conservation surveys reported in Hanson et al. (1980) . The two types of soil reported in the area, alluvium and glacial outwash, were expected to have relatively low seismic velocities and yield a significant impedance contrast at the soil-bedrock interface. In order to compare the epicentral area with Maysville, a dynamic soil model was constructed for Sharpsburg using procedures equivalent to those used for Maysville. The bedrock in the Sharpsburg vicinity is interbedded Ordovician limestones, shales, and siltstones that underlie residual clay soils (Hanson et al., 1980) . P-wave and SH-wave seismic velocity data were collected at 10 sites in the Maysville study area. Figure 3 and Table 2 describe the site locations. Sites 1, 2, 3, and 4 are located in the Qfo alluvium, and Sites 5, 7, 8, and 9 are in the Qfm alluvium. Sites 6 and 10 are located in the Qwo glacial deposits. The sites were located in areas that could accommodate the surveys with sufficient space and minimal cultural noise (e.g., parks, cemeteries, schools, and residential streets). For comparison purposes, SH-and P-wave data were also collected at one site in Sharpsburg (Site 11). Although Sharpsburg is less urbanized than Maysville, the characteristic site in Sharpsburg was also located at a low-noise site (cemetery) in order to enhance seismic data quality.
Data were acquired with a 24-bit, 24-channel instantaneous floating-point engineering seismograph set at a 0.25-ms sampling interval. The S-wave data were gathered by an inline spread of 24 horizontally polarized 30-Hz geophones with 3.048 m or 2 m spacing, oriented perpendicular to the direction of the spread. The P-wave data were gathered using 40-Hz geophones with equivalent acquisition parameters. The S-wave seismic energy source was a section of steel I-beam that was struck horizontally by a 4.5-kg sledgehammer normal to the geophone spread. The Amplification of Earthquake Ground Motion average vertical hold-down weight for the I-beam was approximately 95 kg, including the individual swinging the hammer. The I-beam was either coupled to the soil via a slit trench or placed with the flanges abutted to the edge of asphalt pavement to ensure effective energy transfer. The P-wave energy source used the same hammer to vertically strike a 15.0-cm-square, 2.5-cm-thick hardened-aluminum plate.
Synthetic Time History
There were no bedrock acceleration time histories recorded from the 1980 event. An analog strongmotion time history was recorded approximately 85 km from the epicenter in the control tower for the outlet works of an embankment dam; however, the record was contaminated by soil-structure interaction effects and was considered unsuitable as an input motion. Unfortunately, no moderate or large acceleration time histories recorded on bedrock are available from the central United States from which to scale an input motion. As a result, synthetic time histories are often used in the central United States (intraplate) for moderate and large earthquakes rather than selecting a similar-sized record from the west coast or other interplate catalogs because of the different earth mechanics (e.g., stress drop, etc.). The composite source model method described by Zeng et al. (1994) was used to derive the synthetic accelerogram for estimating the site response. The composite source model synthesizes strong ground motion generation by convolving the complex earthquake rupture process with synthetic Green's functions. The spatial distributions of the sub-events on the fault plane are located randomly, and sub-event size (rupture radius) is controlled by a power-law distribution. The radiation pattern from each sub-event assumes the Brune (1970) shape. The model was constrained by the Herrmann et al. (1982) source characteristics for the 1980 event. The resultant synthetic accelerogram was the input motion used for the transfer function.
Transfer Function
The transfer function defines the relationship between the soil properties and the amplification factor. It is defined by soil properties such as damping ratio, layer thickness, shear modulus, unit weight, and seismic wave velocity. The transfer function converts the input bedrock motion to output soil motion. A uniform planar layer of viscoelastic soil with damping overlying rigid rock undergoing the upward SH-wave motion is assumed.
The seismic refraction and reflection measurements, along with the Harris (1982) geotechnical borehole data, were used to calculate the seismic soil responses using the SHAKE91 algorithm. SHAKE91, a linear-equivalent approximation of soil behavior, models the one-dimensional response of a horizontally layered soil column subjected to vertically propagating SH-waves (Idriss and Sun, 1992) . The assumption of a vertically incident wave is generally reasonable because the near-surface layers are generally looser (i.e., has lower seismic velocity) than deeper layers. Wang and Hao (2002) showed the effects of an incident angle on site amplification (i.e., an out-of-plane SH-wave with an incident angle between 60 and 90 degrees) did not significantly affect amplitude and frequency content around the fundamental frequency. The soil model at each site was divided into 0.5-m sublayers, and P-wave measurements showed groundwater approximately 3 m below ground surface. SHAKE91 calculated the Fourier amplitude spectra of soil layers using the transfer function and was inverted to produce the earthquake's acceleration-time history of the surface ground motion. The single-degree-of-freedom system response also calculated the amplification spectrum (i.e., the ratio of the spectral acceleration of the surface motion to that of the bedrock motion) for each site. In addition to the theoretical amplification, the dynamic site period was also estimated.
RESULTS
The interpreted shear-wave velocity structure for each site is shown in Figure 5 (Hanson et al., 1980) . The results of the geotechnical borehole logged by Harris (1982) are shown in Figure 6 . These data were used to constrain the soil model and determine the unit weight requirements. Table 3 shows the assigned unit weights and dynamic curves used for the SHAKE91 calculations. A seismic refraction and reflection derived soil model for Site 6, shown in Figure 7 , is provided as a typical example.
Acceleration time histories from the composite source model and their Fourier spectra are shown in Figure 8 . The predictive ground motion data are listed in Table 4 . The MMI for the rock outcrop areas in the highland areas adjacent to the Maysville alluvial valley is approximately VI. Although highly equivocal, the predictive peak accelerations of the synthetic ground motions satisfactorily correlated to the Bolt (1993) estimated range of average peak accelerations for observed intensity data. The synthetic ground-motion component horizontal 2 (H2) was chosen as the unfiltered ground motion in the Maysville area. Using the outcrop H2 component rather than the H1 component was based on H2 having the higher peak ground acceleration. Selecting the larger peak ground acceleration yields a more conservative approach for seismic hazard analysis. In addition, the peak ground acceleration for H2 correlates better with the observed MMI VI surrounding Maysville (Figure 2) .
The resultant free-surface time histories show the theoretical peak ground acceleration that occurs at each site (Figure 9 ). The free-surface Fourier amplitude spectra and 5%-damped spectral accelerations for each site are also given in Figures 10 and 11 , respectively. SHAKE91 calculated a maximum freesurface motion of 0.12 g peak acceleration (PGA) at Sites 7 and 9 and a minimum acceleration of 0.05 g at Site 2 (Figure 9) . A comparison of the MMI and the peak accelerations (Bolt, 1993) shows that there are four sites, Site 6 (0.10 g), Site 7 (0.12 g), Site 8 (0.11 g), and Site 9 (0.12 g), in the intensity VII range (0.10 to 0.15 g). The remaining sites are near or within the MMI VI range (0.06 to 0.07 g). Undoubtedly, the peak acceleration range in this categorical scheme can vary significantly based on source and path, as well as site conditions; however, the lack of instrumental recordings in the immediate area require imposition of the innate uncertainty in Bolt's (1993) classification. However, the pertinent aspect is the relative comparison of the bedrock and surface motions (i.e., amplification). It should also be noted Table 3 . Unit weight and dynamic curve assignments were based on the soil attributes described in the Hanson et al. (1980) and Harris (1982) geotechnical index test data and geologic soil classification, as well as the three shear-wave velocity groups from our surveys. Rock, average (Idriss and Sun, 1992) Figure 7. Example SH-wave seismic field file shows typical highquality data in the area and an interpreted soil model that includes shear-wave velocity and layer thickness. These obvious refraction and reflection arrival times enable accurate derivation of depth and velocity models using Dix's equations (reflections) and standard time-delay relationships (refractions). Also shown are assumed unit weights and an interpreted soil description based on the nearby Harris (1982) borehole. that the uncertainty inherent in the calculated ground motions and their characteristics disqualify them from being used for local design purposes.
The results indicate the soils amplify ground motion in Maysville by a factor of 3.0 to 6.0 and at a frequency range between 2.0 Hz and 5.0 Hz (0.2 to 0.5 s) (Figures 11 and 12) . The anomalous site that is out of this range is Site 8. It showed a maximum amplification of 7.9 at a frequency of 5.4 Hz. Site 8 has the lowest surface-layer shear-wave velocity and highest bedrock shear-wave velocity (i.e., highest impedance) of the Maysville sites, thus a higher amplification was expected. The lower site period (higher frequency) of Site 8 was because it had the shallowest depth to bedrock in Maysville; depth to bedrock was equally shallow at Site 11 (Sharpsburg). The Sharpsburg site indicates a high amplification (6.2) at a frequency of 8.4 Hz. The frequency distributions for the site responses are shown in Figure 13 . The Fourier spectra show that a lowfrequency band (3 to 5 Hz) dominates the frequency distribution for all sites except Sites 1, 2, 10, and 11. Although Maysville Sites 1, 2, and 10 have the higher dominant frequency (7 to 8 Hz), they also displayed Figure 10 . Plots of the free-surface Fourier amplitude spectra for each site.
second dominant frequency content in the lowfrequency band. It should also be noted that the free-surface motion calculated by SHAKE91 at Site 11 (Sharpsburg) likely does not completely characterize the soil response. This is because the input bedrock motion synthesized by the composite source model was developed for Maysville and does not accurately represent aspects of the near-source bedrock motion.
The free-surface peak acceleration values calculated by SHAKE91 correlated to the observed effects. Figure 14 expresses the relationship between the firstmode amplification ratio and the average 30-m shearwave velocity (NEHRP Provisions, 1997) . In general, the amplification ratio, except for the ratio at Site 8, can be described by the equation:
where, A ratio 5 the first-mode amplification ratio, and V s 5 average shear-wave velocity (m/s) to 30-m depth. This equation indicates that the lower average shear-wave velocity of the near-surface soil layer Figure 11 . Plots of the 5% damped spectral acceleration for each site.
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SUMMARY AND CONCLUSIONS
The city of Maysville, founded on up to 30 m of recent Ohio River floodplain alluvium, is approximately 52 km from the epicenter of the 1980, m b,Lg 5.3, northeastern Kentucky earthquake, but parts of the city experienced an intensity value of VII, which is equivalent to that in the epicentral area of the earthquake (i.e., VII). The relative results from this study indicate that the soft near-surface soils amplified ground motion by factors ranging between 3.0 and 6.0 and in a frequency range between 2.0 and 5.0 Hz (0.2 to 0.5 s). In addition, a low-frequency band (3 to 5 Hz) dominated the frequency distribution of the ground motion at each site except for the Sharpsburg site. Because the dominant frequency was close to the site period, the bedrock motion was amplified by the overlying soil. Furthermore, the freesurface peak acceleration values calculated by SHAKE91 correlated to the observed effects.
Building damage in Maysville from this earthquake was predominantly found in one-to threestory masonry structures. The estimated fundamen- Figure 12 . Plots of the spectral amplification ratio between the free-surface motion amplitude and bedrock motion amplitude for each site.
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